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Advancing the process of friction stir welding (FSW) currently relies
on a trial and error approach toward selecting tool geometries and
determining process parameters. Before a more formalized design
process can be established, a methodology for process parameter
selection must be developed.
In FSW, various flow paths, as influenced by the tool design, have
been proposed to explain the formation of a high quality weld. Central to
the discussion is whether the metal is extruded around the tool or
whether the metal crosses a shear zone which differentiates the stir zone
from the parent material.
Probing the interaction between the weld tool and workpiece can
shed light on the effectiveness of smooth tapered pins in preventing
slippage at the tool interface. Creation of a shear surface a finite

distance from the weld tool requires that the metal stick to the tool
surface so that it is deformed by shearing in the workpiece. Tool slippage
would then be limited by pressure generated from either threads or a
critical taper angle. In contrast, if the metal were extruded around the
tool, a slipping condition would occur at the interface. These variations
in the material flow should be observed in the resulting weld structure
and force/torque data acquired during the weld.
In the present study, a family of weld tools was designed and used
to produce FSW panels for comparison. The tools included smooth
surface pins with different taper angles and a standard threaded pin.
From each weld, specimens were removed for metallographic analysis
and tensile testing.
Variations in the tool geometry were observed to affect the
mechanical power input and tool heat dissipation. The initial process
parameters were selected based on a constant “pseudo heat index (PHI)”
taken from FSW literature, but for each corresponding tool, variations
were seen in the process parameter window that resulted in defect-free
welds and in their weld properties. Using a one-dimensional heat
transfer model, a method is proposed for calculating process parameters
that takes into account the specific tool design.
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CHAPTER I
INTRODUCTION TO FSW
In friction stir welding (FSW), a non-consumable, rotating weld tool
is used to impart large shear deformations under simultaneous
compressive stress states to join the faying surfaces of a weld joint. The
relatively new solid state joining process was pioneered by The Welding
Institute (TWI) of the United Kingdom (UK) [1]. Since the advent of this
joining technique, FSWing has proven itself as a viable alternative to
fusion welding in certain applications, particularly in joining highly
alloyed aluminum alloys.
The welding of 2xxx and 7xxx series aluminum alloys based on the
Al-Cu and Al-Zn binary systems, respectively, have traditionally been the
largest technological drivers for FSWing. These precipitation
strengthened aluminum alloys have high strength to weight ratios, and
are of particular interest to the aerospace industry where minimizing
weight is a design criterion. One of the major drawbacks to the 2xxx and
7xxx series aluminum alloys is inherent problems with fusion welding as
these aluminum alloys are subjected to significant decreases in strength
as the microstructures are deleteriously altered by the associated high
temperatures.
1

In fusion welding, the workpiece is heated above the melting
temperature of the material affecting both the weldment and the adjacent
heat affected zone (HAZ). Supplemental material, or filler rod, is often
added to the molten pool to join the workpieces together, which changes
the local chemical composition of the weldment. Thus, in fusion welding,
in which the parent materials are molten, the material microstructure
and subsequent mechanical properties are significantly altered.
FSWing is an autogenous solid state process. No supplemental
material is needed and the joining takes place in the solid state which
reduces the peak temperatures. The decreased peak temperature allows
the material to be joined with higher efficiencies and minimizes residual
stress problems that result from fusion welding. In addition to the
increased efficiency or higher mechanical properties, the solid state
joining technique offers additional benefits. Lower melting temperature
materials, such as aluminum, do not require shielding gasses when
FSWing, but do when fusion welding.
Key to the FSW process is the weld tool design. This component
couples with the material that is being joined and supplies the means for
heating, deformation, and coalescence. Thus, the material that the weld
tool is made from must be able to withstand the heat and stresses that
occur during the joining process without fracturing, deforming, or
exhibiting excessive wear. The most common weld tool geometry used in
2

FSWing consists of a smooth concave shoulder with a threaded pin as
shown in Figure 1.

Figure 1

FSW weld tools used for joining aluminum alloys: a.) typical
threaded weld tool and b.) schematic of the weld tool labeling
critical dimensions.

Figure 2 summarizes the three controllable process parameters in
FSWing: travel speed, spindle speed, and plunge depth or force. These
process parameters, in addition to the weld tool geometry, dictate the
temperature and energy expended during the weld. Altering these
parameters changes the values of the dependent process variables: xforce (plow force), y-force (cross slide), z-force (plunge force), and torque.
Figure 3 b.) shows a schematic of the defined FSW coordinate system in
which the x-axis coincides with the direction of weld travel; the y-axis lies
in the plane of the workpiece (for butt joints) and is perpendicular to the
direction of weld travel; and the Z-axis is mutually perpendicular to the
x- and y-axes.

3

Figure 2

Three main processing parameters associated with FSW.

During FSWing material is: heated from friction and deformation at
high strain rates, transported from the front to the back of the tool, and
coalesced along the weld joint. The process is asymmetric by nature and
requires a means for keeping track of the different sides of the weld.
Standard nomenclature defines the advancing side (AS) of the weld as
the side in which the translation and rotation vectors of the weld tool
coincide. While, the retreating side (RS) is defined as the side in which
the translation and rotation vectors of the weld tool are opposed. The AS
and RS of a FSW are shown schematically in Figure 3 a.).
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Figure 3

FSW is not a symmetrical process: a.) shows the advancing
and retreating sides while b.) defines the FSW coordinate
system.

Common micrographs used when examining FSWs are prepared
from the transverse view or YZ-plane, and the plan view or XY-plane, as
defined in Figure 3 a.) & b.). Micrographs prepared from the XZ-plane
are referred to as the longitudinal view. Figure 4 shows a transverse
micrograph labeling the different regions present in a FSW made with a
typical threaded weld tool. Regions of interest are the stir zone (SZ), the
thermo-mechanically affected zone (TMAZ), and the heat affected zone
(HAZ). The parent material (PM) is not affected by deformation or heat
and retains its original properties and microstructure.
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Figure 4

Transverse macrograph of a FSW labeling the different zones
of the weld.

Because of the perceivable benefits of the FSW process, it has been
implemented into various manufacturing processes rapidly. Although
research [2-8] has shown the process offers advantages over fusion
welding, a physical understanding of how the weld tool design influences
the resulting temperature, metal flow, and mechanical properties of the
weld is lacking [7]. Presently, optimization of the process parameters
and the design of weld tools rely on a trial and error basis. To properly
utilize the advantages of FSWing and reduce the trial and error expense
of optimization, a physical understanding of the influence of individual
weld tool attributes on the resulting metal flow and properties is required.
The overall goal of this research is to investigate the interaction
between the weld tool and the work piece, and to determine the effect on
the metal flow, microstructure, and mechanical properties. Because the
possibilities for variations in the weld tool design are limitless, a
progressive set of pin features was selected for this study as depicted in
6

Figure 5. All tools used a smooth 7° concave shoulder. A non-threaded
cylindrical pin served as the baseline for the other tools which explored
varying taper angles. Although outside the scope of this research project,
further studies can address other attributes such as flats which can be
milled onto the pin.

Figure 5

Progression of weld tool attributes from a smooth cylindrical
weld tool.
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CHAPTER II
LITERATURE REVIEW
2.1 FSW Weld Tool
The size and geometry of a FSW weld tool controls the outcome of
the weld as it couples with the workpiece to effectively deform or stir the
workpiece while also supplying the means for heating and coalescence.
Thus the features of the weld tool may contribute to the resulting
temperature, material flow paths and thus the weld quality which
encompasses both the weld structure and mechanical properties. The
vital role of the weld tool to the FSW process has made research into the
weld tool design an active area of interest. How different weld tool
geometries affect the welding process, weld structure, defect formation,
and welded mechanical properties has been indirectly and directly
explored by various researchers [9-15]. Indirect studies have focused on
the weld tool to specifically evaluate either the wear patterns [16-19],
deformation [20], or the effect of different weld tool materials [21, 22].
Other researchers have focused on the underlying cause-and-effect
nature between weld tool geometry and material flow [23-26].
The material that the weld tool is made from must be able to
withstand the heat, stress, and resulting fatigue that occur during the
8

joining process without fracturing, deforming, or exhibiting excessive
wear. Because of the nature of the weld tool it must be produced from a
material that maintains its strength at temperatures equivalent to 0.6 to
0.9 times the absolute melting temperature of the workpiece during
FSWing. Equally important to material selection is the proper choice of
process parameters and weld tool geometry to minimize the stress and
temperature environment for the weld tool. Because the tool material
can either insulate or conduct heat away from the workpiece its thermal
conductivity plays an important role in the resulting weld temperature
which determines the travel speed and resulting forces and speed at
which FSWs can be produced. This role was illustrated in a study which
investigated the effects of six different tool shoulder materials and
determined that the use of a insulating Zirconium shoulder increased the
heat in the weld zone by 30-70% when joining AA7108.50-T79 of 6 mm
thickness [21]. By using Zirconia to insulate the backing anvil in
addition to using a zirconia shoulder, the welding travel speed was
increased from 5 mm/s to 15 mm/s with no change in the width of the
HAZ zone [21].
Effects of weld tool geometries including both smooth and threaded
pins have been evaluated in terms of defect formation and resulting
mechanical properties [9-11]. In [9] Al 1080 of 5 mm thickness was
FSWed with five different pin geometries that encompassed four threaded
cylindrical pins and one non-threaded square pin. With the processing
9

parameters used (1000 rpm, 200 mm/min, Z-force not reported), sound
welds were not produced with a thread pitch greater than 1.10 mm or
with a smooth square pin. Defect free welds [9] were obtained using a
threaded cylindrical weld tool with a thread pitch of 0.85 mm. In stark
contrast, other researchers [10] FSWed AA2219 of 6 mm thickness with
five different pin geometries: smooth cylindrical, 1 mm pitch threaded
cylindrical , smooth tapered, smooth square, and smooth triangle, and
found the square pin produced the highest strength welds closely
followed by the threaded cylindrical pin. While these results differ
greatly, it should be noted that the process parameters between the two
studies were also very different. The square pin produced defect free
welds in the study that used hotter processing parameters (higher RPM
and lower travel) of 1600 rpm, 45.6 mm/min, and a Z-force of 12 kN [10].
Zhao et al [11] FSWed a 2014 aluminum alloy of 8 mm thickness
using four different pin profiles that consisted of a cylindrical threaded
pin (1 mm pitch), a tapered threaded pin (1 mm pitch), a smooth
cylindrical pin, and a smooth tapered pin. The same processing
parameters were used for each weld tool and consisted of 400 rpm, 100
mm/min, and a constant Z-force that was not reported. Utilizing these
process parameters the tapered threaded weld tool produced defect free
welds that had the highest strength joints. It was also noted in [11] that
the smooth pin tools had much more obvious boundaries between the SZ
and the TMAZ than did the threaded pin tools.
10

Overall, in studies [9-11], the weld tools without threads on the
pins created defects in the SZ for the materials and process parameters
that were used in each respective study. A more thorough study using
smooth pin tools in which the shoulder diameter was varied, in addition
to the pin profile, was performed in [12]. Two basic weld tool profiles
were used with varying dimensions. The first profile consisted of a
smooth cylindrical pin and a smooth shoulder that was not chamfered on
the outer circumference, while the second profile consisted of a smooth
tapered pin rounded on the end and a smooth shoulder that was
chamfered on the outer circumference. In study [12] 10, 15, and 20 mm
diameter shoulders were used and the pin diameter was varied from 3 to
8 mm. Processing parameters in the study were held constant at
1400 rpm and 80 mm/min, with a shoulder penetration of 0.1 mm while
FSWing AA7020-T6 of 4.4 mm thickness. The profile with a shoulder
diameter of 20 mm and a pin diameter of 6 mm minimized the defects
resulting in the highest tensile strength welds. There was a reported
correlation between increasing shoulder diameter and increasing
strength in the study [12].
The weld tools in [9-12] all used smooth flat shoulders with a
corresponding 0° lead angle while FSWing. An exception to this, was
study [11], where a 2° lead angle was used.
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Research has also been done to study the wear [16-19] and
deformation [20] of weld tools. When welding high melting temperature
materials (HMTMs), where the temperature corresponding to 0.8 times
the absolute melting temperature is much higher than for aluminum,
material selection is more critical. At these higher temperatures, the
weld tool may deform during the processing. The most common
deformation reported is a shortening of the pin. Utilizing a coupled
thermal mechanical finite element analysis simulation with experimental
data gathered from FSWing, it was determined that the weld tool material
needs to have a flow stress greater than 400 MPa at 1000° C to avoid
shortening of the pin during welding L80 steel [20]. Of course this
requirement will change with the material being welded, but the
methodology may aid in determining suitable weld tool materials for
welding a variety of materials. In addition to weld tool deformation, weld
tool wear is also a concern, especially when joining abrasive materials
such as metal matrix composites (MMCs).
Studies on tool wear in MMCs have been reported [16-19] using
weld tools made from O1 tool steel hardened to 61 HRC. AA6061+20%
Al2O3 was FSWed in [16-18] and cast aluminum 359+20% SiC was
FSWed in [18, 19]. In [16], ¼-20 UNC threaded pin, weld tools were used
with a travel speed of 60 mm/min at spindle speeds of 500, 1000, 1500,
and 2000 rpm for the reported FSWs. The same type weld tools were
12

used in [17] with the addition of a 6.35 mm diameter smooth cylindrical
pin and a larger process parameter window consisting of travel speeds at
60 and 180 mm/min with spindle speeds of 500, 1000, 1500, 2000, and
2500 rpm. A spindle speed of 1000 rpm and weld speed of 60 mm/min
yielded the highest effective wear rate of 0.64%/cm. Additionally, the
wear rate was reported to decrease irregularly at spindle speeds greater
than 1000 rpm and the wear rate decreased with increasing weld speeds
[16, 17]. More interesting are the studies of [18, 19], where ¼-20 UNC
threaded pin, weld tools were claimed to wear to a self optimized shape
after sufficient weld lengths. This self optimized shape produced defect
free welds and prevented further wearing of the weld tool. Welds
produced by the optimized tool were more homogeneous, lacking the
onion ring structures that were seen when the threads were on the weld
tool pin. Additionally, the traverse force decreased with the self
optimized tool [18]. The self optimized shape of the weld tools took form
from the wearing away of the threads on the pin and eroding of the pin to
a slightly tapered profile rounded at the end. This phenomenon is
reported to result from variations in the complex solid state flow as
welding progresses [19]. However, the self optimized shape was seen to
vary with changes in the travel speed [18], pointing to changes in the
solid state material flow as a function of processing parameters.
The most common weld tool geometry used, especially for welding
aluminum, is a threaded cylindrical pin. A left handed thread is used
13

with a clockwise rotation or a right handed thread with a counter
clockwise rotation to drive the material downward toward the anvil and
away from the tool shoulder. Welding materials with higher melting
temperatures or abrasive materials can have a detrimental effect on
these threads. Thus these threads can completely wear away as reported
in studies [16-19]. So understanding the effects of threaded pins on
material flow during FSWing is important. In [23, 24] weld tool pins with
and without threads were used to determine the effect on material flow in
FSWing aluminum alloys with a thickness between 6 and 8 mm.
McClure et al [23] FSWed AA6061-T6 of 6 mm thickness using a
non-threaded weld tool with a smooth shoulder in addition to four
unified threaded pins with 14, 20, 32, and 48 threads per inch. The
shoulder diameters were 19 mm and the pin diameters were 6 mm. For
all of the welds a lead angle of 1° was used with processing parameters of
650 rpm, 120 mm/min, and a plunge depth of 1 mm as measured at the
back of the plunged tool shoulder. It was shown [23] that using weld
tools with a reduced thread count led to a reduction in the size of the
rotational zone that eventually led to the development of voids on the AS
for the 14 threads/in and non-threaded tools. The researchers [23]
concluded that the vortex motion caused from the vertical movement of
material induced by the threads aided in establishing a rotational zone
defined by shearing in the workpiece material away from the weld tool,
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and that if the rotational zone is poorly developed then defects are more
prevalent in the weld.
Zhao et al [24] performed a similar study in 8 mm thick AA2014
with LF4 aluminum markers and three different weld tool geometries.
These weld tools consisted of a smooth cylindrical pin, a smooth tapered
pin, and a threaded tapered pin with a 1 mm pitch. The shoulder
diameters of the weld tools were 24 mm and the pin diameters were
8 mm as measured at the pin-to-shoulder interface. All of the welds were
produced with a 2° lead angle and smooth shoulder using the same
spindle speed and traverse speed to yield a weld pitch of 0.25 mm/rev.
Vertical movement of material was present near the crown of the weld for
all weld tools, but when using the threaded taper pin vertical movement
was prevalent through the entire depth of the weld [24]. The smooth pin
tools in [24] had a tendency to develop voids on the AS of the welds for
the process parameters used. In addition to providing vertical material
movement, it was hypothesized by [24], that the threads on the pin
generated more heat which aided the material flow and diminished void
defects. However, hardness test across welds made from different pins in
[23] were similar, indicating no large differences in heat caused by the
different weld tools. The lack of evidence of differences in temperature
between the smooth pins and threaded pin suggests that the actual
mechanical coupling produced between the threads and the workpiece
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provided a beneficial material flow that aided in eliminating the AS void
defects.
More complex weld tool geometries have been developed in an
effort to weld thicker materials [25] and reduce traverse forces [26]. As
the overall length of the weld tool increases the frictional heat from the
shoulder is dissipated and the rotating pin must provide more
deformational heat so material can be uniformly deformed within the
thickness of the workpiece [25]. Two weld tool geometries have been
developed by TWI for welding thick plate, the WhorlTM and MX TrifluteTM
[25]. These tools are designed to increase the ratio of the volume of the
pin swept during rotation to the volume of the pin itself. It is reported
that this dynamic-to-static volume ratio is an important factor in
providing an adequate flow path for the plasticized material [25].
Computational fluid dynamics (CFD) simulations have been used to
optimize the TrivexTM pin geometry to reduce traverse force while
maintaining torque during FSWing [26]. The CFD simulations used a
combination of different boundary conditions at the weld tool workpiece
interface. These boundary conditions consist of the stick condition
where material adheres to the tool and the slip condition where material
slides across the tool creating a limited amount of shear stress.
Experiments showed a maximum of a 25% decrease in traverse force
while using the dimensionally optimized TrivexTM tool in comparison to
the MX TrifluteTM [26].
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2.2 Material Flow in FSW
In FSWing there is significant evidence that the material flow can
take one of two different paths when being displaced from its original
position in front of the weld tool to its final position in the wake of the
weld [27-33]. The geometry of the weld tool, along with the process
parameters, plays an important role in dictating which path the material
takes. Each flow path will impart a different thermomechanical history
on the material, consequently altering the material microstructure and
subsequent weld properties
Evidence that the material in the wake of FSWs made with
threaded cylindrical pin weld tools have undergone different
thermomechanical processing histories are shown in tracer studies [2729], post weld microtextures [30-32], and general macrostructural
features [33]. In the transverse cross sections of most FSWs a distorted
circular pattern is observed. This pattern, often referred to as ‘onion
rings’, shows up as bands in both the longitudinal and plan view
sections [33]. It has been reported that the spacing between the rings is
equivalent to the longitudinal distance moved by the weld tool in one
rotation [33]. The ring pattern origins have been attributed to a
geometrical effect inherent to FSWing, where the process of frictional
heating due to tool rotation followed by extrusion from tool translation
results in the banded patterns [33].
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Colligan [27] used 0.38 mm steel spheres embedded along the
faying surfaces of the weld seam along with a stop action technique and
post weld x-ray radiographs to study the material flow in FSW AA6061T6 and AA7075-T6 butt joints of 6.4 mm thickness. This analysis
concluded that a large portion of the material is extruded around the
retreating side of the weld tool rather than being stirred. It was also
concluded that material that was stirred originated in the upper portion
of the weld, influenced by the shoulder, and that the stirred material was
forced down into the weld by the threads [27]. Similar conclusions were
drawn by Seidel and Reynolds [28] when using a marker insert technique
in FSWs of AA2195-T8. In addition to concluding that the majority of the
material was extruded around the pin, it was determined that material
near the top of the weld as influenced by the tool shoulder, was stirred
[28]. Guerra [29] used copper foil along the faying surface of FSWed
AA6061 along with bi-metallic welds of AA6061 and AA2195 to conclude
that material in FSW is moved around the weld tool by two different
processes that impart different thermomechanical histories on the
material. The two different processes Guerra [29] refers to are material
that is stirred by the weld tool and material that is extruded around the
weld tool. Material that is stirred enters a rotational zone before being
deposited in the wake of the weld and it is estimated that the nominal
strain the material instantaneously experienced is on the order of
10,000 % [29]. The extruded material however is squeezed through a
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transitional zone and experiences a much lower strain that has been
estimated to be 800% [29]. Vicker’s microhardness tests further
substantiate the claim for differing thermomechanical histories as the
stirred material exhibited a microhardness of 95 HV where as the
extruded material exhibited a microhardness of 35 HV [29].
Because of the differences in the thermomechanical history the
material sees by utilizing opposing flow paths, varying material
microstructures and microtextures are present in post FSWed specimens.
Authors [30-32] have shown that the nugget zone of FSWs display
significant texture gradients both across the weld and through the
thickness. These texture gradients are attributed to differences in
thermomechanical histories indicative of opposing flow paths. While
attempts have been made to explain how the textures were formed
during the joining process [30-32], only one paper [32] establishes this
connection with an existing material flow model [34]. A study by Field
[31] showed that the texture gradient, and hence the material flow,
throughout the weld is directly influenced by the pitch of the threads on
the weld tool. Additional researchers have reported a significant change
in the nugget zone size and shape depending on the pitch of the threads
if used, even though the pins had the same nominal diameter [23, 24].
It becomes clear in reviewing the literature that the different
features of a weld tool influence the flow paths of the material during
FSWing. The shoulder influences a significant portion of the material
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underneath it, dictating the material flow in as much as the upper third
of the weld [29]. Changing the pitch of the threads on the pin changes
the overall character of the nugget zone. The pitch of the threads alters
the texture gradients in the nugget zone, as well as, the overall size and
shape of the region [23, 24, 31]. Clearly the weld tool attributes have an
significant effect on the flow paths of the material being FSWed, however,
the degree to which these attributes affect the resulting mechanical
properties have yet to be quantified.
2.3 Dependent Process Variables and Significance
FSWing consists of three main process parameters including the
plunge depth, the weld speed, and the spindle speed. The weld speed
and spindle speed are generally input as velocity vectors in which
subsequent forces are a by-product. However, the plunge aspect of
FSWing is directly controlled by either position or force. While there are
many other “environmental” parameters that can affect the joining
process, it has been shown that the plunge depth, weld speed, and
spindle speed have the largest influence on dependent process variables,
such as, the plunge force, plow force, torque, and temperature [35].
Several studies [35-43] regarding the forces observed during
FSWing have been published and certain trends have been observed to
coincide. The plunge force is most affected by the plunge depth [35, 37].
However, the plunge depth does not have a significant effect on the plow
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force [35, 39]. The weld speed has a large affect on the plow force [35, 37,
42]. Whereas, the spindle speed has the largest affect on the
temperature [35, 40], but does not affect the plow force [37]. However, in
another study [43], the peak temperature was shown to be influenced by
the traverse speed. In [43] faster traverse speeds resulted in increased
peak temperatures, but reduced temperatures away from the weld zone.
In addition to the affects that the process parameters have on the
dependent variables, the geometry of the weld tool has large influences
on the forces and torques seen in FSWing. The diameter of the pin on a
weld tool does not strongly correlate with the plow force, but the plow
force strongly correlates with the length of the pin [41]. In addition to the
length of the pin on a weld tool , the shoulder diameter shows a strong
correlation with the plow force [41]. The shoulder is also largely
responsible for the required torque and plunge force, which increases
with increasing shoulder diameter [37, 42].
Measuring and recording the dependent process variables in
relation to the driving process parameters allows the study of material
flow characteristics. Of special interest is research connecting variations
in dependent process variables with the formation of defects. Equally
important is the understanding of adjusting the process parameters to
induce corrective changes in the material flow which should then be seen
in the dependent process variable response. Many FSW machines are
equipped to measure the dependent variables that are affected by the
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processing parameters. This has allowed researchers to determine how
the process parameters affect the measured outputs, as discussed
previously, and has opened the opportunity for feedback control and
monitoring of weld quality through data collection and analysis [44-46].
Studies with varying levels of complexity in the analysis of
collected data have shown the ability to detect sub surface lack of
bonding defects with diameters down to approximately 50 µm [44] and
lap joint gap spaces down to 5 µm [45]. Arbegast [44] reviewed 6
statistical process control algorithms: Essential Variable Stability,
Extrusion Zone Stability, Extrusion Zone Force, Pseudo Heat Index,
Resultant Force Direction, and Normalized Cumulative Area control
algorithms with respect to their ability to monitor and control weld
quality in butt joint configurations. The most promising of the
algorithms “Normalized Cumulative Area Analysis” on the y-axis force
demonstrated the ability to detect lack of bonding defects with a diameter
down to 50 µm [44]. With this technique the force data is analyzed in
frequency space and normalized to the spindle speed plus the amplitude
of the normalized spindle frequency signal. The area under the
normalized curve is calculated using numerical integration and
monitored for changes. A sharp increase in the rate of rise of this area
indicates a increase in low frequency events that corresponds with void
formation [44]. More recent work [46] on the analysis of defect formation
in the butt joint configurations has shown promise for predicting weld
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quality and also at estimating the size of defects being formed. The
Phase Space Analysis [46] is based on a stability analysis of a dynamical
system; the dynamical system being the FSWing process. In the Phase
Space Analysis the y-axis force signal is plotted versus the change in the
y-axis force signal and it was found that defect free FSWs exhibited
stable orbits, whereas divergent orbits indicated defective welds [46].
Normalized Cumulative Area Analysis and Phase Space Analysis can be
performed on signals from any dependent process variable in FSWing,
but the most promising results have been obtained by analyzing the yaxis force signal [44, 46].
Methods of analyzing force data for determining weld quality and
offering process control have been considered for other weld joint
configurations [45, 47]. With these other joint configurations, lap joints
[45] and T-joints [47], the analysis focuses on the x-axis force, and not
the y-axis force as was the case for monitoring weld quality in butt joints
[44, 46]. Lap joint welds were made with intentional gap spaces between
the panels and a strong correlation was seen between the gap space and
the x-axis force signal [45]. This is consistent with previous research
indicating that the length of the pin on a weld tool strongly correlates
with plow force [41], because essentially by introducing a gap in a lap
joint the pin length is decreased. In [45] fit up gaps down to 5 µm were
detectable in lap joints using linear discriminant analysis on the x-axis
force signal. Also, analyzing the x-axis force during FSWing has allowed
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researchers to produce T-joints with automatic seam tracking [47]. The
automatic seam tracking welds in [47] were made with a control
technique that seeks to maintain the highest possible x-axis force. Xaxis forces were shown to be highest when the tool was in the center of
the weld joint [47].
2.4 Modeling of FSW
Different modeling approaches toward understanding the FSW
process have been reported in the literature. Selected analytical
approaches are outlined in this section and range from energy [48] and
weld power [49] models to more complex heat generation [50] and
material flow models [34, 51-53].
The goal of all modeling efforts is to provide a better understanding
of the process and develop predictive, realistic outcomes. In FSWing the
weld power used to produce a weld is largely a function of the input
process parameters, weld tool geometry, and workpiece properties. In
the simplest of models [49] a empirical weld power and heat input model
was created from the measured torque. From the model and the welds
performed in the study, the torque was reported to decrease with
increasing spindle speed as characterized by a third-order polynomial.
This unique trace started out with the torque rapidly decreasing with
spindle speed followed by a range in which the torque remained almost
constant and then on to the torque rapidly decreasing with spindle speed
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again. This model showed that decreasing the spindle speed or
increasing the feed rate significantly decreased the heat input at low
travel speeds; while at higher travel speeds altering the spindle speed or
travel speed have little effect on the heat input.
More complex models attempt to discern more information from
the process itself and rely less on empirical observation. Based on the
energy produced from friction and deformational heating a model was
developed to determine optimal process parameters [48]. In this model
an energy balance was used to couple the energy production from
welding to the critical energy required for welding. With this critical
energy requirement defined and described by material properties and
weld size, the process parameters were solved based on minimum power
requirement criteria. Schmidt et. al. [50] proposed an analytical model
for heat generation based on different contact conditions between the
weld tool and workpiece. These contact conditions are described as:
sliding, sticking, and a combination of sliding/sticking. Comparing the
model to experiments it was realized that both the sliding and sticking
conditions reproduced reasonable agreement with the observed heat
generation values. However, as observed experimentally, a lack of
proportionality between the plunge force and the heat generated suggest
that the process is dominated by the sticking condition.
In addition to the heat generation models, models have been
proposed to describe the material flow during the FSW process. One
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such model, [51], presents a two dimensional velocity field for the
material flow in the shear layer around the weld tool. With this model
material flow and resulting shear layer properties can be estimated.
More complete models contain provisions for the material flow,
heat generation, and workpiece material properties. One such analytical
approach to modeling FSW treats the process as analogous to
metalworking [52]. In this model the FSW process is broken into five
separate distinct zones as illustrated in Figure 6 including: the preheat
zone, the initial deformation zone, the extrusion zone, the forging zone,
and the cool down zone. From this model calculations pertaining to the
dependent process variables, strain, and strain rate during the process
are calculated as a function of the weld tool geometry, extrusion zone
width, processing parameters, and material properties. As part of the
metal working approach an empirically based thermal model was used to
determine the processing temperature based on the spindle speed, travel
speed, and melting temperature of the material. After determining a
constitutive relationship for flow stress based on temperature and strain
rate for the workpiece, the model was used to calculate temperature,
extrusion zone width (equivalent to SZ width), strain rate, and extrusion
pressure (equivalent to plow force). The results were reported to be
consistent with experimental observations.
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Figure 6

Arbegast's metal working model treats the FSW process
as 5 distinct zones [52].

Nunes, Jr. [34, 53, 54] has developed a model describing the
process of FSW. Conceptually, this model encompasses three
incompressible flow fields: the rigid body rotation, the uniform
translation, and the ring vortex that combine to produce two flow
currents: a straight through current and a maelstrom current. The
straight through current refers to material that is swept from the front of
the tool to the wake of the weld in one rotation or less, while the thread
induced maelstrom current contains material that can rotate multiple
revolutions around the pin and is largely responsible for vertical through

27

thickness movement of material during the weld. A schematic
representation of the model in three dimensions is shown in Figure 7.

Figure 7

Nunes’s rotating plug model describes the material flow in
FSW.

In its reduced mathematical form the model in two dimenions can
estimate the strain and strain rate during the FSW process. Figure 8 a.)
shows a plan view macrograph of a FSW. In it an increased volume of
refined grain material on the retreating side has a thickness, bulge
height, estimated by Equation 1 [53], where V is the travel speed and ω is
the spindle speed. Based on the geometry outlined in Figure 8 and the
process parameters during the weld, Equation 2 [53] and Equation 3 [53]
can be used to calculate the strain and strain rate. The model may also
be used to calculate other dependent process variables such as the
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moment (M) about the weld tool that is the same as the weld torque,
Equation 4 [53].

H BULGE ≈

Δγ ≈

2V

(1)

ω
Rω
Rω
≥
V cos θ
V

⎛ Rω
Δγ ⎜⎝ V cos θ

γ=
≈
Δt ⎛ δ
⎜
⎝ V cos θ

(2)

⎞
⎟ Rω
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⎟
⎠
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2

⎛ dr ⎞
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⎝ dz ⎠
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(4)

Figure 8

In a.) a plan view macrograph of a FSW detailing some
important aspects related to the rotating plug model and b.)
a schematic representation of the rotating plug model in two
dimensional form.

2.5 AA2219
AA2219 is based on the Al-Cu binary system and is commonly
used in the aerospace industry. It is a precipitation strengthened alloy
that follows the same age hardening sequence as that in the binary Al-Cu
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system. Characteristics of the precipitates are summarized in Table 1
and their evolution as a function of time is reported as:
supersaturated α → GP zones → θ” → θ’ → θ [55]

Table 1

Precipitates in the Al-Cu system [55, 56].

Precipitate

Composition

Morphology

Lattice Structure

θ”
θ’
θ

Al3Cu
Al2Cu
Al2Cu

thin disc
disc
spherical

not ordered
BCT
BCT

Because AA2219 is a precipitation strengthened alloy, research
has been performed on its precipitation and dissolution mechanisms [55,
57]. Inevitably, with the heat and plastic deformation that occurs in
FSW, the material microstructure will be altered. With this altered
microstructure the mechanical properties will change from the as
received state. The chemical composition limits for 2219 as registered
with the Aluminum Association are given in Table 2 [58].
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Table 2

AA2219 limits for chemical composition in weight % as
registered with the Aluminum Association [58].

Al

Cu

Fe

Mg

Mn

Si

Ti

V

Zn

Zr

Other
Total

91.5
93.8

5.80
6.80

0
0.30

0
0.02

0.20
0.40

0
0.20

0.03
0.10

0.05
0.15

0
0.10

0.10
0.25

0
0.15

Differential scanning calorimetry (DSC) and transmission electron
microscopy (TEM) have been used to study precipitation and dissolution
in 2219 [55, 57]. Using DSC at a heating rate of 10 °C/min can
distinguish between the T3, T4, T6, and T8 tempers, but not within the
variations of the T8 temper (e.g. T81, T851, and T87) [55]. It is also
reported that plastic deformation accelerates the precipitation and
dissolution of θ’ and θ precipitates at elevated temperatures [55, 57].
AA2219 is a high strength precipitation strengthened aluminum
alloy which can be approximated with the binary Al-Cu system. The
lower bound melting temperature is linked to the eutectic reaction
between Al and Cu that occurs at 548 °C [59]. Cao and Kou [59] FSWed
AA2219 to determine if the temperature in the workpiece can reach the
lower bound melting temperature and trigger liquation. Specimens were
prepared from gas metal arc welds (GMAWs) and FSWs. These
specimens were examined using scanning transmission electron
microscopy (SEM) and θ particles were observed in GMAWs that
exhibited a composite like eutectic microstructure formed from the
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eutectic reaction with the particle and surrounding aluminum matrix
[59]. These particles were indicative of liquation and were not observed
in the specimens prepared from FSWs. Cao and Kou [59] therefore
concluded that liquation did not occur during FSWing over the range of
processing parameters studied. Although the θ particles in the FSWs did
not show the characteristic composite like eutectic microstructure, some
were found to increase in size. These large θ particles some of which
exceeded 100 µm were much larger than the nominal 10-15 µm particles
that were examined in the base metal [59]. It was speculated that these
large θ particles formed during FSW from agglomeration of fractured
particles and smaller particles [59]. In the study [59] no apparent
relationship was found between the process parameters and the extent of
θ agglomeration.
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CHAPTER III.
EXPERIMENTAL DESCRIPTION
Bead on plate FSWs were made along the rolling direction of 15 cm
wide x 61 cm long x 0.64 cm thick AA2219-T87 plates. The horizontal
weld tool (HWT) and vertical weld tool (VWT) at the National Aeronautical
Space Agency’s Marshal Space Flight center (NASA-MSFC) in Huntsville,
Al were used to produce the FSWs. The HWT was configured to
continuously record the following parameters: z-axis force (plunge),
spindle speed, spindle torque, weld position, and x-axis force (plow). The
weld torque was measured with a calibrated load cell and represents the
actual moment that occurs about the spindle as a result of the reaction
between the weld tool and workpiece. Similarly, the x- and z-axis forces
were measured and recorded with individual calibrated load cells. The
force and torque measurements were calibrated to be within 1% of the
reading. The VWT was configured with a linear variable displacement
transducer (LVDT) to obtain accurate measurements of the tool depth.
Repeats of some welds were made on the HWT in order to acquire
the dependent process variables. One set of plates was prepared with
0.08 mm thick Cu plating covering the entire plan surface while the
other set had no Cu plating. The panels that were not plated were used
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on the VWT to measure tool depth and also for the tensile specimens.
Both sets of welds panels were made with the same input process
parameters. The copper plating was applied at the NASA-MSFC using a
thermal spray coating technique.
3.1 Design of Weld Tools
Traditionally, aluminum alloys are FSWed with a cylindrical
threaded pin weld tool. This geometry with slight variations in the pitch
of the threads, as well as, the actual tool shoulder and pin diameters
represent the majority of tools reported in the literature. Therefore a
threaded cylindrical weld tool was used as the baseline in this study.
Various studies focusing on the effects of different weld tool geometries
were reviewed in sections 2.1, 2.2, and 2.3. Varying weld tool geometries
were reported when FSWing materials other than Al and its alloys. These
studies indicate that there is more than one flow path that the material
can take in traveling from its original to final resting place, and that the
weld tool geometry plays a crucial role in deciding this path. Thus, it
may be possible to generate the same flow paths with different tool
geometries and process parameters.
Threads on a weld tool are generally thought to push material
downward through the material thickness, increasing the volume of the
SZ and TMAZ. It has also been reported that threaded pins increase the
amount of stirred material, as opposed to extruded material, in the SZ of
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a FSW [23]. However, the mechanisms reported to induce this behavior
have ranged from increased temperature of the workpiece [24] to an
increased effective coefficient of friction preventing sliding at the
tool/workpiece interface [23].
Yet, it remains unclear whether or not threads are needed to
induce stirred material, thus one focus of this study is to determine
whether the volume of stirred material can be increased with different
pin geometries. In the most simplified, two dimensional case of stress
through an inclined plane, the stress can be considered to vary from zero
parallel to the applied forces to the maximum at 90° to the acting
resultant force. Considering the largest forces in FSW to be the applied
z-axis force (or plunge force) an increased taper would result in a larger
normal force on the weld tool as shown in Figure 9. This should promote
sticking at the weld tool/workpiece interface by effectively raising the
shear force that the interface can sustain through Coulombs law of
friction (F<µFn), allowing for a taper to induce stirring in the material.
Thus the volume of stirred material in the SZ could be increased with a
critical taper angle on the pin; similar to that obtained with the addition
of threads on the pin.
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(
= F sin ( 90

)
−θ )

Fn = F cos 90° − θ
Fp

Figure 9

°

Schematic representation and free body diagram showing
how an increased taper angle increases the normal force
acting on the pin.

FSWing of HMTMs has already led to the design and development
of more robust tools. However, this has been driven by the necessity of
the weld tool to survive the process and thus has not been focused on
the characteristics of material flow and resulting properties of the new
design. A brief review of the literature [13, 32, 60, 61] showed that there
are large differences in the weld tool geometry given the material FSWed,
as summarized in Table 3.
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Table 3

Normalized dimensions for weld tools used to join different
materials.
Weld Tool Geometry

Al [32]

Ti [60, 61]

Steel [13]
(HMTMs)

Ds/Dp

2.4

1.2

2.3-2.4

Dp/Lp

1.5

1.4-1.9

1.7-3.2

Taper θ (deg)

0

30

15-25

In an effort to produce sound welds with a more robust tool design,
tools with smooth sides and 3 taper angles were evaluated in this study.
The nominal ratios of the pertinent weld tool dimensions, as summarized
in Figure 10, are recorded for this study in Table 4. The taper varies
from 0° (no taper) to a maximum of 60°, as measured by the angle θ in
Figure 10 c.). For fabrication reasons, the outer diameter of the tool stock
was limited to 2 cm. Thus these ratios could not be met for the 60° pin
without changing the shoulder diameter. In this case, the pin length was
maintained while the tool was produced as close to the target ratios as
possible.
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Table 4

Selected nominal ratios used for weld tool development and
actual weld tool dimensions used in study.
Nominal

Nominal

Actual Dimensions (mm)

Taper

Ds/Dp

Dp/Lp

Ds

Dp

Lp

0

1.75

2.1

15.5

8.9

4.3

30

1.75

2.1

15.5

8.9

4.3

60

1.75

2.1

19.1

15.5

4.3

5/16-24

2.40

1.8

19.1

7.9

4.3

All of the tapered weld tools and the standard threaded weld tool
were configured with a smooth 7° concave shoulder and a 4.3 mm pin
length. The tapered weld tools were made from alloy MP159 and the
standard threaded pin tool was made with a shoulder of hardened H13
and a pin of MP159. Schematics of the standard threaded weld tool and
the tapered weld tool are shown in Figure 10 a.) and b.). The angle of the
taper θ is described in Figure 10 c.). Images of the smooth pin weld tools
used prior to welding are shown in Figure 11.
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Figure 10

Schematics of the different types of weld tools used in this
study.

Figure 11

Smooth surface weld tools prior to welding.

3.2 Test Matrix Formulation
The FSW process parameters were determined using previous
research results [62] and those found in the literature [42] for FSWing of
6.4 mm thick plates of AA2219-T87. To link the temperature in the FSW
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to the travel speed (TS) and weld tool rotation (rpm), a pseudo heat index
(PHI) was used as shown in Equation-5 [63].

PHI =

rpm 2
TS × 10000

(5)

From reported studies [42, 62], a PHI of 2 was correlated with
defect free FSWs in AA2219-T87 over a range of travel speeds from 76 to
203 mm/min. For PHIs greater than 3, the FSW joints began to show
void type defects. For this study, the travel speed was calculated for a
given rpm using a PHI of 2.25. The spindle speed and z-axis force were
selected based on initial baseline FSWs to determine processing
parameters to produce defect free welds. The test matrix is summarized
in Table 5.
A 2.5° lead angle was used during all of the FSWs. A similar startup procedure was used for the welds where the rpm was increased
during plunge to the target value followed by a dwell time where the weld
tool remains stationary. Upon expiring of the dwell time, the weld tool
accelerated to its final travel speed over a length of 0.750 in. For the 0°
and 30° tools the initial spindle speed during the plunge was 1000 rpm
and the dwell time was 10 sec. For the 60° tool, a spindle speed of 900
rpm was used upon plunging followed by a dwell time of 2 sec.
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Table 5

Test matrix for FSW AA2219-T87.

Spindle
Speed
(rpm)

Travel
Speed
(cm/min) 0°

30°

60°

5/16-24

200

4.6

17.8

15.6

24.5

24.5

0.023

300

10.2

17.8

15.6

24.5

24.5

0.034

400

18.0

17.8

15.6

24.5

24.5

0.045

500

28.2

17.8

15.6

24.5

24.5

0.056

Forge Force (kN)

Weld Pitch
(cm/rev)

Using the test matrix outlined by Table 5 resulted in the
production of 16 unique welds. Repeats of some test parameters were
produced in order to obtain additional data. Table 6 summarizes all of
the welds that were produced during this study.
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Table 6

Summarization of the FSW panels and process parameters
evaluated in this study.

Weld ID
(VWT/HWT)

Weld
Tool

Spindle
Speed
(rpm)

Travel
Plunge
Speed
Force
(cm/min) (kN)

Weld
Pitch
(cm/rev)

J11-O/J21-A
J11-A/J22-O
J12-O/J22-A
J12-A/J23-O
J13-O/J19-A
J13-A/J20-O
J14-O/J20-A
J14-A/J21-O
J15-O/J17-A
J15-A/J18-O
J16-O/J18-A
J16-A/J19-O
n.a./J28-B
n.a./J29-O
n.a./J30-O
n.a./J31-O

60°
60°
60°
60°
30°
30°
30°
30°
0°
0°
0°
0°
5/16-24
5/16-24
5/15-24
5/16-24

200
300
400
500
200
300
400
500
200
300
400
500
200
300
400
500

4.6
10.2
18.0
28.2
4.6
10.2
18.0
28.2
4.6
10.2
18.0
28.2
4.6
10.2
18.0
28.2

0.023
0.034
0.045
0.056
0.023
0.034
0.045
0.056
0.023
0.034
0.045
0.056
0.023
0.034
0.045
0.056

24.5
24.5
24.5
24.5
15.6
15.6
15.6
15.6
17.8
17.8
17.8
17.8
24.5
24.5
24.5
24.5

3.3 Characterization
After performing the FSWs, the panels were visually inspected for
surface defects and x-ray radiographs were used to inspect for internal
defects. Specimens were prepared from the welds for optical microscopy
analysis for both transverse specimens, from just behind the FSW
termination point, and longitudinal specimens, encompassing the
termination point and sectioned at the center of the weld. The specimens
were sectioned using a liquid cooled abrasive saw and mounted with a
thermo-setting conductive resin in a Buehler Eco-Press, 180°C for 2 min.
The limited amount of time that the specimen was held at temperature,
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the press has a cooling cycle after the heating cycle, in conjunction with
the -T87 temper representing a peak aged microstructure it is believed
that the mounting of the specimens did not significantly alter their
microstructure. Grinding and polishing was performed with a Buehler
Eco-Met semi-automated polishing apparatus. This machine has a head
that moves relative to the polishing pad. If the polishing pad and the
head are rotated in an opposite sense from one another, the direction is
referred to as contra. A four step procedure was used as summarized in
Table 7. After polishing, Keller’s reagent, consisting of 1mL HF (48 %),
1.5 mL HCL (concentrate), 2.5 mL HNO3 (concentrate), and 95 mL H2O,
was used to reveal the microstructure for optical imaging.
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Table 7

Four step polishing procedure used for AA2219-T87
specimens in 32 mm diameter mounts.

Media

Pad

Load per
Specimen

Speed/
Direction

Time

600 grit

StuersPiano

9N

120 rpm/
contra

Until Plane

9 µm
(diamond
SUS)

AlliedImperial

9N

120 rpm /
contra

5 min

3 µm
(diamond
SUS)

AlliedImperial

9N

120 rpm /
contra

5 min

0.05 µm
(colloidal
silica)

AlliedFinal A

4N

300 rpm /
contra

30 sec

Transverse tensile tests were used to evaluate the mechanical
properties. All of these specimens were cut from the last 8 cm of travel
on the FSW panels, perpendicular to the welding direction. The
specimens were rough cut to the following dimensions: 6 mm by 12 mm
by 152 mm. As the length of the pin on the weld tools was only 4.3 mm,
full penetration welds were not produced. Thus a milling operation was
used to remove excess parent material from under the nugget and
produce the final form of the tensile specimens. The final specimens
were produced with dimensions in accordance to the standard sheet type
12 mm wide strip specimens in ASTM E8 [64]. The final tensile
specimens were approximately 4 mm thick by 10 mm wide by 152 mm
long. Five tensile specimens were tested for each weld. The testing was
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performed on an Instron 5869 universal testing machine (UTM) with 10
kN capacity load cell at a constant crosshead velocity of 1.2 mm/min.
The FSW strength was evaluated on the basis of the ultimate engineering
tensile strength (UTS).
In addition to tensile testing, hardness testing was also performed
to evaluate the mechanical properties in more localized regions within
and around the weld. The hardness tests were performed with a
Rockwell hardness tester. A 1.6 mm (standard 1/16 in) spherical
indenter was used with a 100 kgf load to obtain the hardness
measurements in the Rockwell B-Scale (HRB).
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CHAPTER IV
EXPERIMENTAL RESULTS
In this study welds from four different tools were analyzed. Four
welds were produced with each weld tool using a set of process
parameters where the spindle speed and travel speed were altered
simultaneously to maintain a constant PHI of 2.25. While the PHI
remained constant during the process, the weld pitch varied. The weld
pitch is a measure of the amount of travel of the tool per revolution and
is calculated by dividing the travel speed by the spindle speed. A
summary of the welds produced and the measurements that were
recorded is available in Table 8, where Fz is the plunge force, Fx is the
plow force, Γ is the weld torque, and Pω is weld power calculated from the
weld torque and spindle speed.
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Table 8

Summary of the recorded forces and torques along with
weld power calculated from torque.

Weld
Tool

Weld Pitch
(cm/rev)

Fz
(kN)

Fx
(N)

Γ
(N-m)

Pω
(W)

60°
60°
60°
60°
30°
30°
30°
30°
0°
0°
0°
0°
5/16-24
5/16-24
5/15-24
5/16-24

0.023
0.034
0.045
0.056
0.023
0.034
0.045
0.056
0.023
0.034
0.045
0.056
0.023
0.034
0.045
0.056

24.5
24.5
24.5
24.5
15.6
15.6
15.6
15.6
17.8
17.8
17.8
17.8
24.5
24.5
24.5
24.5

2869

74
51
40
34
41
32
18
10
52
37
27
22
55
37
27
20

1542
1614
1664
1782
860
1001
761
547
1093
1171
1142
1136
1157
1164
1112
1043

2900
3358
2885
2673
3096
4019
5155
3375
4207
5174
5998
3425
3836
3713
4525

4.1 AA2219-T87 Material Properties
Engineering stress verse engineering strain is plotted for six parent
material specimens in Figure 12. From the six tests, the average tensile
strength was 458.9 MPa with a standard deviation of 1.7 MPa, and the
elongation to failure for a 50.8 mm gage section was 11.1 % with a
standard deviation of 0.7 %.

48

Figure 12

Engineering stress versus engineering strain plots for parent
material AA2219-T87.

Hardness tests were also performed on the parent material.
Representative specimens from each orientation of the plate were
sectioned and mounted. Three indentions were made in each orientation
with a 1.6 mm (standard 1/16 in) diameter spherical indenter and a 100
kgf load on a calibrated Rockwell hardness tester with the resulting
measurements recorded in the Rockwell B-scale (HRB). Figure 13 shows
schematically the location of the hardness tests in reference to the rolled
plate. The accompanying values are listed in Table 9.
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Figure 13

Schematic of the location of hardness tests performed on the
as received AA2219-T87.

Table 9

Hardness values for the parent material (HRB).

Orientation

Indent
#1

Indent
#2

Indent
Avg.
#3

Std. Dev.

Plan Surface

77.0

72.0

77.0

75.3

2.4

Transverse Surface

78.5

79.0

80.0

79.2

0.6

Longitudinal Surface

73.5

68.0

74.0

71.8

2.7

In addition to the mechanical properties obtained for the parent
material, optical micrographs were taken to document the
microstructure. AA2219-T87 is a rolled and age hardened plate in which
the grains are not equiaxed. Table 10 documents the grain size for each
of the parent material orientations. The measurements were taken using
the Heyn lineal intercept method outlined in ASTM E-112 [65]. As a
result of the method, the mean lineal intercept (MLI) is measured. This
measurement was then converted into an equivalent grain diameter
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(EGD), assuming the grains are shaped like a 14 sided
tetrakaidecahedron, by multiplying the MLI by 1.571 [65].
Optical micrographs, shown in Figure 14 were produced from
polished and etched specimens of the three orientations of the parent
material. From these optical micrographs, along with the grain size
measurements in Table 10, it can be seen that the grains are not
equiaxed. Due to the high Cu content, Cu rich particles show up as
bright white fragments in the optical micrographs. These particles are
consistent with reported descriptions of θ particles [59]. The extent of
the size and clustering of the θ particles is easily seen in the optical
micrographs. Some regions of elongated θ particles are observed such as
the 60 µm string shown in Figure 15
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Table 10

Apparent grain sizes as measured from each orientation of
the parent material.

Orientation

MLI
(µm)

Standard
Deviation
(µm)

EGD
(µm)

Standard
Deviation
(µm)

Plan Surface

47

3

74

5

Transverse Surface

30

10

47

16

Longitudinal Surface

65

21

102

33

Figure 14

Polished and etched optical micrographs from three
orientations of the 6.4 mm thick parent material AA2219T87: a.) plan view, b.) transverse view, and c.) longitudinal
view.
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Figure 15

Large θ agglomerates in parent material AA2219-T87.

4.2 Weld Tool Characteristics
Complex weld tool geometries have been developed by TWI in an
effort to weld thicker materials. Two of these geometries are the WhorlTM
and MX TrifluteTM [25]. It is reported that these tools are designed to
increase the ratio of the volume of the pin swept during rotation to the
actual volume of the pin. It is this reported dynamic-to-static volume
ratio that is cited to be important in providing an adequate flow path for
the material [25].
For the weld tools used in this study the dynamic volume of the
swept pin and the static volume were calculated. Additionally, the ratio
of the surface area of the volume created by rotating the pin to the static
surface area of the pin was also calculated. Table 11 summarizes the
calculations of the surface areas of the different parts of the weld tools.
The static-to-dynamic volume and surface area ratios are shown in
Table 12. Analytical calculations for the tool features were carried out
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based on the pin tool geometry. Measurements for the surface area and
volumes of the different tool features were obtained in Solid Works, a
three dimensional computer aided design (CAD) program.
Table 11

Surface areas for different parts of the weld tools in contact
with the weldment during FSW, calculated analytically from
the tool geometry and from the Solid Works CAD model.

Weld tool
0°
30°
60°
5/16-24
Table 12

Surface Area
(Analytical)
Shoulder Pin
(cm2)
(cm2)
1.29
1.94
1.29
1.16
0.97
2.19
2.39
2.39

Total
(cm2)
3.23
2.45
3.16
4.78

Surface Area
( CAD Model)
No Shoulder
Radius (cm2)
2.84
2.19
2.84
4.39

Shoulder
Radius (cm2)
3.29
2.58
3.29
4.84

Ratios between the dynamic and static quantities of the
weld tools.
Dynamic-to-Static Ratios

Weld tool

Pin Volume
(cm3/cm3)

Pin Surface Area
(cm2/cm2)

0°
30°
60°
5/16-24

1
1
1
1.22

1
1
1
0.68

Pin & Shoulder
Surface Area
(cm2/cm2)
1
1
1
0.84

4.3 FSW Tensile Strength Properties
Five tensile specimens were machined for each weld in this study.
These tensile specimens were cut from the regions nearest the end of the
weld to ensure steady state conditions. The tensile strengths of the
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welds are shown in Figure 16. In the graph, solid colors denote defect
free welds, while welds with defects are cross hatched in their respective
colors. As the weld pitch was increased the tensile strength of the welds
increased. This trend continued until the welds developed defects. At
the highest weld pitch all of the tools except the 5/16-24 threaded weld
tool developed defects. The 30° weld tool developed defects at a weld
pitch of 0.045 cm/rev.

Figure 16

The tensile strength of the welds from specimens prepared at
90° to the weld seam increase in strength with increasing
weld pitch until defects develop.
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4.4 Dependent Process Variables
Power is by definition the rate at which work is performed, and
work is the amount of energy transferred by force acting through a
distance. The torque was converted to power by Equation 6, where ω
represents the spindle speed (rad/min) and Γ represents the weld torque.
In a similar manner the power required to traverse the weld tool along
the weld seem is obtained by Equation 7, where Fx is the x-axis force
(plow force) and V is the velocity of the tool in the x-axis direction (travel
speed). Because there is no change in distance or a velocity in the y- and
z-axis directions, forces acting along those directions do not perform any
work. Therefore, the amount of power required to produce the weld (weld
power) is given by Equation 8.
Pω = ωΓ

(6)

Px = FxV

(7)

Ptotal = Pω + Px

(8)

The torque and x-axis forces used in the calculations were
averages of the measurements taken over the last 13 cm of weld travel
(1 Hz data sampling rate). Data points from the ends of the welds were
used in an effort to allow the welds their best chance at becoming steady
state. Table 13 shows that the weld power was driven largely by the weld
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torque. This is evidenced by the percent of the total power that the weld
torque and the x-axis force compose. So, future power calculations will
be based on the weld torque.
Table 13

The weld power is driven mainly by weld torque.
0°

30°

60°

5/16-24

Pω (%)

Px (%)

Pω (%)

Px (%)

Pω (%)

Px (%)

Pω (%)

Px (%)

99.8

0.2

99.8

0.2

99.9

0.1

99.8

0.2

99.4

0.6

99.5

0.5

99.7

0.3

99.4

0.6

98.7

1.3

98.4

1.6

99.4

0.6

99.0

1.0

97.6

2.4

95.8

4.2

99.2

0.8

98.0

2.0

Figure 17 shows the power (based on torque) required to produce
the welds in this study. This chart shows that there are large differences
in the weld power due to changes in the weld tool geometry. Regarding
the 30° and 60° smooth tapered pins, the power increased with
increasing weld pitch, until defects were formed. However, for the 0°
smooth pin weld tool and the 5/16-24 threaded pin weld tool the power
remained within a standard deviation of one another over the process
parameters evaluated in this study.
It is interesting to note the differences in weld power with respect
to the weld tool characteristics, see Table 14. Both the 0° and 60° weld
tools had similar total surface areas (3.23 cm2 and 3.16 cm2, respectively)
and the same z-axis force (plunge force) of 24.5 kN, yet exhibited an
average difference in weld power across the parameter range of 532 W.
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Table 14 shows that no clear trends exist between power and the surface
areas of the different parts of the weld tools or the volumes of the pins.

Figure 17

The weld power calculated for each weld tool and process
parameter set (cross hatching denotes welds with defects).

Table 14

Summary of surface areas and volumes for each weld tool
versus the weld power at a 0.023 cm/rev weld pitch.
Weld
tool
0°
30°
60°
5/16-24

Shoulder
(cm2)
1.29
1.29
0.97
2.39

Pin
(cm2)
1.94
1.16
2.19
2.39
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Total
(cm2)
3.23
2.45
3.16
4.78

Pin Vol.
(cm3)
0.29
0.15
0.28
0.20

Power
(W)
1093
860
1542
1157

If slipping were occurring at the weld tool/workpiece interface then
it would be expected to observe a clear relationship between the surface
area of the weld tool, the plunge force acting on the weld tool, and the
weld power. In Table 15, the weld tool characteristics have been
normalized against the z-axis force (Fz) and compared to the weld power
at a weld pitch of 0.023 in/rev. Symbols used in Table 15 are: the
surface area of the tool shoulder (Sshoulder), the surface area of the pin
(Spin), and the total surface area of the part of the weld tool in contact
with the workpiece (Stotal). Table 15 did not show what was expected to
occur if slipping at the weld tool/workpiece interface was predominating.
This could occur because there was sticking at the weld tool/workpiece
interface, at least at the 0.023 cm/rev weld pitch.
Table 15

Weld tool characteristics normalized against plunge force
and compared to weld power at a 0.023 cm/rev weld pitch.
Weld tool
0°
30°
60°
5/16-24

Fz/Sshoulder
(MPa)
138
121
252
102

Fz/Spin
(MPa)
92
134
112
102

Fz/Stotal
(MPa)
55
64
77
51

Power
(W)
1093
860
1542
1157

The specific energy input is a measure of the amount of energy
input into the weld per unit length. This is calculated by dividing the
weld power by the travel speed. Studies [43, 66] have indicated that the
specific energy input has a strong correlation with the far field
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temperature in the workpiece as it is being welded. Figure 18 shows how
the specific energy input changed with an increasing weld pitch while the
PHI was held constant.

Weld Pitch (cm/rev)
Figure 18

The specific heat input versus the weld pitch for each weld
tool evaluated.

4.5 Z-Position Data
The welds sectioned for tensile testing were produced on the VWT
at the NASA-MSFC. Although the welds were produced in load control
with a constant plunge force applied during the weld, the VWT was
equipped with a lineal variable displacement transducer (LVDT) to
measure the position of the weld tool. As part of the startup procedure
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for producing a weld, the weld tool zero position is determined with the
aid of the LVDT.
Before the start of the weld the weld tool is plunged to a target
depth. After this target depth is met the weld tool follows a dwell
procedure and switches to load control. Therefore, during the dwell and
as the weld progresses the weld tool can deviate from its target depth.
The actual position data from the LVDT was logged and normalized
against the target depth. Positive values represent a weld tool position
less than the target depth and negative values represent a position
greater than the target depth.
The heel plunge of the welds was set to approximately 0.018 cm.
This measurement refers to the depth of the outer most portion of the
tool shoulder below the surface of the workpiece. If the tool rides above
the target depth then there can be a loss of shoulder contact during the
weld. This can lead to slipping occurring at the outer edge of the tool
shoulder and a reduction in the area of the shear surface. In extreme
cases this will lead to a surface defect called trenching. A trenching
defect basically resembles a trench on the surface of the weld. This
defect was observed for the highest weld pitch parameters for the 60°
weld tool. From the z-axis position data it appears that slipping could be
occurring at the weld tool/workpiece interface at higher weld pitches.
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Upon further inspection of the relative z-axis position of the tool to
the target depth it was noticed that for welds made where the tool
position was at or below the target depth the lower pitch welds traveled
at a greater depth than the higher pitch welds. It was also revealed that
for the welds produced at or below the target depth the tool position
remained relatively constant.

Figure 19

Z-position of the 0° weld tool (normalized against the target
depth) plotted versus the weld travel position.
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Figure 20

Z-position of the 30° weld tool (normalized against the target
depth) plotted versus the weld travel position.

Figure 21

Z-position of the 60° weld tool (normalized against the target
depth) plotted versus the weld travel position.
63

Figure 22

Z-position of the threaded weld tool (normalized against the
target depth) plotted versus the weld travel position.

4.6 Transverse Weld Macrographs
Transverse macrographs of the FSWs that exhibited the highest
tensile strengths are shown Figure 23, Figure 24, Figure 25, and Figure
26 for the 0°, the 30°, the 60°, and the threaded pin weld tools,
respectively. In each figure the AS of the weld is on the left and the RS is
on the right. Each figure includes a) a mounted and polished specimen
and b) a tensile specimen mounted and polished after testing to reveal
the location of the fracture with respect to the SZ.
In this study, the majority of the welds fractured in the center of
the SZ, as shown in Figure 25. In the presence of defects this trend was
abolished and the fracture path was dictated by the defect, e.g. Figure 27.
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Deviations from this trend were also seen for some of the higher strength
welds. In Figure 23, the highest strength weld for the 0° tapered weld
tool the fracture path is outside of the SZ in the HAZ on the AS. While in
Figure 26, the highest strength weld for the threaded pin weld tool, the
fracture path was partially in the HAZ on the RS.

Figure 23

Transverse macrograph for the 0° smooth pin weld tool at
400 rpm and 18.0 cm/min.

Figure 24

Transverse macrograph for the 30° smooth tapered pin weld
tool at 300 rpm and 10.2 cm/min.
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Figure 25

Transverse macrograph for the 60° smooth tapered pin weld
tool at 400 rpm and 18.0 cm/min.

Figure 26

Transverse macrograph for the 5/16-24 threaded cylindrical
pin weld tool at 500 rpm and 28.2 cm/min.
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a.)

c.)

b.)

d.)

Figure 27

Transverse macrographs of welds with defects:
a.) 0° smooth pin weld tool at a weld pitch of 0.056 cm/rev,
b.) associated fractured weld, c.) 60° tapered pin weld
tool at a weld pitch of 0.056 cm/rev, and d.) associated
fractured weld.

4.7 Longitudinal Weld Macrographs
The termination point of a FSW leaves an exit hole where the weld
tool is retracted from the workpiece. These exit hole regions can be
sectioned to reveal additional information than that obtained from the
transverse sections. The cross section of refined grain material under
the pin and in front of the pin can be viewed from a longitudinally
sectioned exit hole region. Figure 28, Figure 29, Figure 30, and Figure 31
show the longitudinal exit hole weld macrographs for the 0°, 30°, 60°,
and threaded pin weld tool, respectively. The welds were sectioned,
rough ground and then polished so that the macrographs were
representative of the weld centerline.
In each figure the weld pitch increases with the figure labels a.)-d.).
A FSW made with increased pitch has a tool that travels more linear
distance per revolution. The figures revealed that there was less distance
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between the edge of the refined grain material and the weld tool as the
pitch increased. A potential cause for the decreasing distance was
slipping at the tool shoulder, which appeared to be occurring because of
the decreasing length to the edge of the refined grain material in front of
the weld tool at the location of the tool shoulder.
The amount of refined grain material under the pin of the weld tool,
standoff, was seen to decrease with the increased weld pitch. This
follows the same trend as mentioned previously, where the cross
sectional area of refined grain material in front of the weld tool was
observed to decrease with increased weld pitch. The standoff under the
pin was measured from each longitudinal exit hole macrograph. These
measurements were taken at the center location under the pin and
represent the linear distance perpendicular from the pin to the edge of
the refined grain material. Standoff measurements for each weld can be
seen in Table 16.
With the 60° tapered pin weld tool the area of refined grain
material in front of the pin was seen to decrease with increased pitch, as
it did for the other weld tools. However, the standoff underneath the pin
increased with increasing pitch, directly opposing the trend seen with the
other weld tools. The 60° tapered pin formed a vertex, where as the pins
of the other weld tools all had some amount of area under them.
Without any area under the pin, the pin did not generate any standoff.
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The refined grain material that was observed as standoff was material
that extruded underneath the vertex of the pin.
Another interesting phenomenon that was observed in the
longitudinal weld macros was a failure of the material flows to coalesce.
It appeared that material underneath the pins for the 0° and 30° smooth
pin weld tools in Figure 28 and Figure 29 had a tendency to not fully
coalesce with the rest of the material in the wake of the weld at the
increased weld pitches. This is easily visible in the macrographs of
Figure 28 b.), c.), and d.). For the 30° tapered pin weld tool, an increased
magnification is needed to see this phenomenon. Figure 32 is an optical
micrograph at increased magnification that shows that the material flows
have not fully coalesced for the 30° weld tool. At the slowest weld pitch,
0.023 cm/rev, a line can be seen that demarcates the material from
underneath the pin with that in the majority of the wake of the weld for
the 0° weld tool, but this line was not easily observable until a weld pitch
of 0.045 cm/rev was used for the 30° tapered pin weld tool.
The failure of the material flows to converge was not observed with
the 60° tapered pin weld tool nor with the 5/16-24 threaded pin weld
tool. The 60° tapered pin weld tool had a vertex at the bottom of the pin
and did not create a separate flow field to generate standoff. Its apparent
standoff was generated by plasticized material extruding beneath the
vertex. Under those conditions it would not be expected to observe a
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failure of the material to coalesce between standoff material and material
passing around the side of the tool.
With the threaded pin weld tool there was no line separating the
standoff from the rest of the wake. With this tool, the only observed lines
were the “onion rings” which have been reported to occur in FSWs with
threaded pins. The “ring pattern” or banding was observed in both the
longitudinal and transverse macrographs for the threaded pin.
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Figure 28

Longitudinal exit hole macrographs for the 0° smooth pin
weld tool at: a.) 0.023 cm/rev, b.) 0.034 cm/rev, c.) 0.045
cm/rev, and d.) 0.056 cm/rev.
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Figure 29

Longitudinal exit hole macrographs for the 30° tapered pin
weld tool at: a.) 0.023 cm/rev, b.) 0.034 cm/rev, c.) 0.045
cm/rev, and d.) 0.056 cm/rev.
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Figure 30

Longitudinal exit hole macrographs for the 60° tapered pin
weld tool at: a.) 0.023 cm/rev, b.) 0.034 cm/rev, c.) 0.045
cm/rev, and d.) 0.056 cm/rev.
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Figure 31

Longitudinal exit hole macrographs for the threaded pin weld
tool at: a.) 0.023 cm/rev, b.) 0.034 cm/rev, c.) 0.045
cm/rev, and d.) 0.056 cm/rev.
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200 µm

Figure 32

Weld (J14-O) made with the 30° tapered pin at a weld pitch
of 0.045 cm/rev showing that the material flow under the
pin did not coalesce.

In Table 16 the standoff for each weld tool and input parameter set
is recorded, while Table 17 introduces the different weld tool quantities
and their relationship to the measured standoff values. Table 17 shows
that the pin end diameter and corresponding surface area are related to
the standoff. As the diameter or corresponding surface area of the end of
the pin increased, so did the standoff. Although one of the pins was
threaded and a larger variation in relation to the pin quantities and
standoff might be expected, it was not observed. Plotting the diameter of
the pin end against the standoff revealed an approximately linear
relationship between the two as shown in Figure 33. In Figure 33, the
data points pertaining to a particular pin are boxed and labeled. With
the lowest weld pitch parameters, a linear relationship is observed. The
slope of the linear relationship decreased as the weld pitch increased,
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and at the highest weld pitch the linear relationship was abolished. It
was also noted that standoff varied more between input parameter sets
as the pin end diameter increased.
Table 16

Table 17

Measurements of the standoff from the center location
underneath each weld.
Weld ID

Standoff
(µm)

Weld ID

Standoff
(µm)

J11-O
J11-A
J12-O
J12-A
J13-O
J13-A
J14-O
J14-A

15
18
24
57
206
188
176
158

J15-O
J15-A
J16-O
J16-A
J28-B
J29-O
J30-O
J31-O

885
787
686
498
606
572
496
494

Weld tool quantities and measured standoff values for each
weld tool.
Pin
Geometry
0° tapered
30° tapered
60° tapered
0° threaded

Diameter
Pin End
(in)
0.89
0.36
0.00
0.66

Surface Area
Pin End (in2)

Standoff
(µm)

0.62
0.09
0.000
0.35

890-500
210-160
20-60
610-490
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Figure 33

There is an approximately linear relationship between the
pin end diameter and the standoff.

4.8 Microstructural Analysis
The size of the grains in the SZ was measured from polished and
etched specimens using optical microscopy. Specimens were prepared
from each of the welds. The MLI for each specimen was determined from
transverse specimens in the center of SZ and then converted into EGDs.
Figure 34 shows the area from which the MLI was measured, indicated
by a black dot. In Table 18 the specific welds are related with their MLIs
and EGDs.
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Similar to reported FSWs, the grain morphology is equiaxed and
the grain size in the nugget region is drastically reduced. No significant
change was observed in grain size of the welds within the parameter sets
that were tested. The EGDs lay within a 95% confidence interval as
obtained by multiplying the standard deviation by 1.96.

Figure 34

Transverse macrograph of a FSW showing the location where
the grain sizes were measured.
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Table 18

Grain size measurements taken at the center location of the
SZ for each weld.

Weld ID

Weld
Pitch
(cm/rev)

J11-O
J11-A
J12-O
J12-A
J13-O
J13-A
J14-O
J14-A
J15-O
J15-A
J16-O
J16-A
J28-B
J29-O
J30-O
J31-O

0.023
0.034
0.045
0.056
0.023
0.034
0.045
0.056
0.023
0.034
0.045
0.056
0.023
0.034
0.045
0.056

Mean
Lineal
Intercept
(µm)
8.0
8.6
8.2
8.3
7.3
7.5
6.6
7.7
7.0
7.2
8.2
9.5
6.9
6.8
7.4
9.4

Standard
Deviation
(µm)
0.8
0.7
1.0
0.9
0.8
0.8
0.8
0.7
0.6
0.8
0.6
0.9
1.2
0.8
1.2
0.4

Equivalent
Grain
Diameter
(µm)
12.5
13.5
12.9
13.1
11.4
11.9
10.4
12.1
10.9
11.4
12.9
14.9
10.8
10.7
11.6
14.7

Standard
Deviation
(µm)
1.2
1.1
1.6
1.5
1.2
1.2
1.2
1.1
0.9
1.2
1.0
1.4
1.9
1.2
1.9
0.6

4.9 Hardness Measurements
Hardness measurements were performed across the transverse
section of each weld. These measurements were taken several months
after the welds were made. Figure 35 shows the locations of the
indentations across the transverse section of the weld nugget. Table 19
summarizes the hardness values at the center location of each weld.
Although all of the values are lower than the parent material hardness
(79 HRB), the general trend shows an increase in hardness with
increased weld pitch.
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As discussed in Section 4.8 the grain sizes are approximately the
same across the input parameter sets for each weld tool. So, the
changes in mechanical properties, i.e. the tensile strength and the
hardness values in and around the weld are a result of changes in the
type and quantity of the precipitates post welding. A Hall-Petch [67, 68]
relationship would suggest that the refined grain material have a higher
strength. However, this was not the case as the stir zone experienced a
decrease in hardness from the parent material and the tensile specimens,
which usually fractured across the refined grain stir zone, showed a
decrease in strength from the parent material. So the deleterious effects
of precipitate coarsening had more of an impact than the advantageous
effects of grain refinement, for this material and welding conditions.
The hardness measurements along with their location in regard to
the hardness value at the center of the SZ have been plotted in Figure 36,
Figure 37, Figure 38, and Figure 39 for the 60° tapered, 30° tapered, 0°
tapered, and 0° threaded pin weld tools, respectively. In the hardness
plots measurements from the AS are on the left and are indicated as
negative distance from the weld center line and measurements from the
RS are on the right and are indicated as positive distance from the weld
center line. In most cases the lowest recorded hardness value was in the
center of the SZ. At the highest weld pitch, the 60° tapered pin weld tool
in Figure 36 and the threaded pin weld tool in Figure 39, showed a
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decrease in hardness at the SZ/HAZ interface. The hardness values
adjacent to the center value were taken at the SZ/HAZ interface.
Examining the hardness plots shows that the original hardness values
were not restored until approximately 2.54 cm either side of the center of
the SZ.

Figure 35

Location of hardness indentions across transverse section of
weld for specimen J15-A.

Table 19

Comparison of hardness measurements (HRB) at the center
location of each weld.
Weld ID
J11-O
J11-A
J12-O
J12-A
J13-O
J13-A
J14-O
J14-A

Center
(HRB)
10.5
26.0
32.0
39.5
23.5
27.5
24.0
35.0

Weld ID
J15-O
J15-A
J16-O
J16-A
J28-B
J29-O
J30-O
J31-O
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Center
(HRB)
18.0
25.5
39.0
41.5
10.0
26.0
28.0
42.0

Figure 36

Hardness measurements and location for the 60° tapered pin
welds.

Figure 37

Hardness measurements and location for the 30° tapered pin
welds.
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Figure 38

Hardness measurements and location for the 0° smooth pin
welds.

Figure 39

Hardness measurements and location for the threaded pin
welds.
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CHAPTER V
FSW THEORETICAL MODEL
While the PHI and a linear heat index (LHI) have both been used to
conceptualize the heat input in a FSW, they are not accurate at scaling
process parameters. This is evidenced in this study where a constant
PHI was used with varying process parameters and a 68.9 MPa difference
was observed in the tensile strength. As such, changing a variable like
the spindle speed or travel speed and predicting the other via the PHI or
LHI yields welds with different mechanical properties. This is
understandable as the PHI and LHI are not capturing effects of different
sectional areas with different weld tools, nor do they consider
interactions with the other FSW tooling, such as, the backing anvil and
spindle.
In order to develop a method for more accurately determining
process parameters, the FSW process and how the input parameters and
tooling influence the process must be understood. As such, a one
dimensional heat transfer model taking into account the geometry of the
weld tool and the thermal properties of the workpiece and FSW tooling
was developed along with a power generation term that takes into
account the weld tool geometry and process parameters.
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Figure 40

Schematic of the heat source and sinks associated with
FSW, heat flow is represented by the red arrows.

Figure 40 shows a schematic representation of the heat source and
sinks consider in the development of the FSW model. The model consists
of a power generation term incorporating the geometry of the weld tool,
and heat loss terms for conduction in the weldment, conduction through
the anvil, conduction through the spindle, and convection required to
continuously heat metal passing through the shear surface.
The heat generated during FSW is dissipated throughout the
workpiece, the backing anvil, and along the spindle. In addition to these
conduction heat losses, cooler material entering the front of the weld and
hotter material leaving behind the weld gives rise to convective heat loss.
The convective heat loss is dependent on the speed of the weld.
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In the following discussions, the temperature T refers to the shear
surface temperature and the temperature T0 refers to a fixed ambient
temperature at a distance from the source. In order to accommodate
either a cylindrical or tapered weld tool, the heat sources are idealized as
either a cylinder or a truncated cone. In the development of this model it
is assumed that the heat source represents the shear surface and that
the shear surface is isothermal. Heat flow is normal to isotherms, so a
simplifying approximation is made for the tapered heat source to keep it
one dimensional, represented schematically in Figure 41 c.). The tapered
heat source is considered as a stack of infinitesimal slices of decreasing
radii. This allows for changes in the taper angle to alter the area over
which the heat propagates, but constrains the heat flow to one
dimension.
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Figure 41

Idealized heat sources for the cylindrical and tapered pin
weld tools, where: a.) is the cylindrical heat source, b.) is the
tapered heat source, and c.) is the tapered heat source
approximation.

The heat loss terms for the model are derived from Fourier’s Law in
one dimension, which is expressed in Equation 9. These derivations are
located in Appendix A. In the expression, Qn is the rate of heat transfer,
k is the thermal conductivity of the material, A is the area through which
heat is flowing, and

dT
is the temperature gradient with respect to
dn

distance in the direction normal to A.

Qn = − kA

dT
dn

(9)

5.1 Conduction Losses to Workpiece (Qw)
For a cylindrical heat source, the conductive losses to the
workpiece are approximated as a radial flow of heat from the cylindrical
heat source at radius, R, to a fixed temperature, T0, at radius, R0. The
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expression for this heat loss is given in Equation 10 (A-116) where kw is
the thermal conductivity of the workpiece.

Qw =

(T − T0 )2π kw H
R
ln 0
R

(10)

The expression for the conductive heat loss emanating out of a
conical heat source is significantly more complex. As an approximation,
a one dimensional expression similar to Equation 10 is proposed. In this
approximation, the flow of heat is treated as coming from cylindrical
sources with successively smaller radii. In this manner, the change in
area associated with a tapered cylinder is accounted for, although the
vertical flow of heat is neglected. The expression used for the conduction
losses to the workpiece with a tapered pin is given in Equation 11 (A-117).

Qw =

(T − T0 )2k wπ H 1 + tan 2 θ
⎡ k π H 2 tan θ 1 + tan 2 θ − 2k π H 1 + tan 2 θ R ⎤
w
0
ln ⎢ w
⎥
2
2
2
⎣⎢ k wπ H tan θ 1 + tan θ − 2k wπ H 1 + tan θ R ⎦⎥

(11)

5.2 Conduction Losses to Anvil (Qa)
The conduction losses to the anvil (Qa) are approximated as a
spherically radial flow of heat from under the bottom of the pin into a
thick block of material, as expressed in Equation 12 (A-118). Ra is the
radius of the bottom of the pin; it is equal to R for the cylindrical source.
If a tapered pin is used the radius term becomes that of the bottom of the
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tapered pin, i.e. Ra = R − H tan θ . In Equation 12, ka is the thermal
conductivity of the anvil.
Qa = 2π Ra ka (T − T0 )

(12)

5.3 Conduction Losses to Spindle (Qs)
The conduction loss to the spindle is approximated as a linear flow
of heat in a rod. Heat travels from the shear surface temperature, T, at
the shoulder through a length of rod, Lsp, where the temperature is fixed
at ambient, T0. The expression for the heat loss to the spindle is given in
Equation 13 (A-119). Where ksp and Rsp refer to the effective spindle
thermal conductivity and radius, respectively.

Qs =

kspπ Rsp 2 (T − T0 )
Lsp

(13)

5.4 Convection Losses to Workpiece (QV)
As the tool advances during the weld, cooler material enters the
front of the weld while hotter material is deposited in the wake of the
weld. This gives rise to convective heat loss. The convective heat loss is
dependent on the power required to heat material passing through the
cross section of the shear surface from ambient to that of the shear
surface. As with the case of power generation, the cross section of the
pin profile may be substituted if the shear surface profile is not known.
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The expression for the convective heat loss considering a cylindrical
profile is given in Equation 14 (A-120). If the shear surface is tapered
rather than cylindrical, Equation 15 (A-120) is used. In Equations 14
and 15, V is the weld travel speed, ρ is the density of the weld metal,
and c is the specific heat capacity of the weld metal.
Qv = 2 RHVρ c(T − T0 )

(

(14)

)

Qv = 2 RH − H 2 tan θ Vρ c (T − T0 )

(15)

5.5 Power Generation in FSW
The power generation during FSW can be determined by
multiplying Equation 4 by the spindle speed. If the boundary of the
shear surface is not known, radius as a function of the z-axis, then the
weld tool profile is used. For a cylindrical pin weld tool where the shear
surface is estimated as that of the weld tool profile, the power generated
is approximated by Equation 16 (A-121). In this expression Rs is the
radius of the tool shoulder. If a tapered pin is used and the shear
surface is estimated as that of the pin profile, then the power generated
is approximated by Equation 17 (A-122). Rs is equal to the radius of the
tool shoulder and θ is the taper angle of the pin, as shown in Figure 41
b.). Equations 16 and 17 are equivalent when an angle of zero is used.
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⎡ 1 ⎛ R ⎞3 H ⎤
Qg = ωτ 2π R 3 ⎢ ⎜ s ⎟ + ⎥
R ⎥⎦
⎣⎢ 3 ⎝ R ⎠

Qg =

(16)

2
2
2
2
⎛
⎞
ωτ 2π ⎜ H 1 + tan θ ( 3R − 3RH tan θ + H tan θ ) ⎟

3

(

)

⎜ + R 3 − R 3 + R − H tan θ 3
(
)
s
⎝

⎟
⎠

(17)

5.6 Energy Balance
It is assumed that the weld is in the steady state, that there is no
storage of energy, and that the shear surface is isothermal. The model
assumes that all of the mechanical power is converted into thermal
energy, and efficiency factors for the loss terms are neglected. With the
present assumptions, the conservation of energy becomes Equation 18.
The appropriate terms are substituted into Equation 18 to formulate the
model.
Qg = Qw + Qa + Qs + Qv

(18)

5.7 Theoretical Model
After applying the appropriate expressions into Equation 18, for
the cylindrical weld tool and associated heat losses or the tapered weld
tool and associated heat losses, the models are formed. In this study we
altered the weld pitch while keeping the PHI constant. To facilitate
comparing the models to the experimental results, the relationships
between the process parameters and the PHI and the weld pitch are
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defined by Equations 19 and 20. When using the PHI with the model,
the constant is dropped so that the PHI is defined by Equation 19.
Equation 19 relates the weld pitch (pw), the travel speed (V), the spindle
speed (ω), and the PHI.

PHI =

pw =

ω2

(19)

V

V

ω

=

ω
PHI

(20)

In addition to the relationship between temperature, PHI, and weld
pitch, the shear stress as a function of temperature needs to be defined.
A linear approximation, Equation 21, is used that captures thermal
softening with temperature, and the vanishing of the flow stress at the
melting temperature. In Equation 21, mτ is the change in shear stress
with respect to temperature in the near melting regime, Tm is the melting
temperature of the workpiece, and T is the shear surface temperature.

τ = mτ (Tm − T )

(21)

The value of mτ was found from obtaining the slope of the shear
stress verse temperature curve between 0.023 and 0.034 cm/rev weld
pitch. It was assumed that no loss of shoulder contact and no slipping
were experienced for these welds. Experimental data suggested that
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these welds had not loss significant shoulder contact. Therefore, the
effect of slipping reducing the area of the shear surface was negligible.
After applying the energy balance and the relationships outlined in
Equations 19, 20, and 21, theoretical expressions for the shear surface
temperature are found. Equation 22 is the theoretically obtained
equation for the shear surface temperature using the cylindrical source
expressions and Equation 23 is with the tapered source expressions.

⎛ 2π k w H
⎞
k spπ Rsp 2
+ 2π Rka +
+ 2 RH pw 2 PHI ρ c ⎟
⎜
Lsp
⎜ ln ⎛ R0 ⎞
⎟
⎜
⎟
⎜ ⎝ R⎠
⎟
Tm + ⎜
⎟ T0
3
⎛
⎞
R
H
1
⎛
⎞
⎜
⎟
2mτ pw PHI π R 3 ⎜ ⎜ s ⎟ + ⎟
⎜3⎝ R ⎠
⎟
⎜
⎟
R
⎝
⎠
⎜
⎟
⎝
⎠
T=
2
⎛ 2π k w H
⎞
k πR
+ 2π Rka + sp sp + 2 RH pw 2 PHI ρ c ⎟
⎜
Lsp
⎜ ln ⎛ R0 ⎞
⎟
⎜
⎟
⎜ ⎝ R⎠
⎟
⎜
⎟ +1
3
⎛ 1 ⎛ Rs ⎞ H ⎞
3
⎜
⎟
2mτ pw PHI π R ⎜ ⎜ ⎟ + ⎟
⎜ 3⎝ R ⎠
⎟
⎜
⎟
R
⎝
⎠
⎜
⎟
⎝
⎠

(

(

)

)

(22)

In Equation 23, a multiplicative factor ( f a ) is used with the anvil
term. The 60° tapered pin comes to a point. So, in the model this keeps
heat from flowing into the anvil, but observations of the anvil after
welding reveal that the anvil is heated.
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⎛ ⎛
⎞⎞
2k wπ H 1 + tan 2 θ
⎜ ⎜
+ ...
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⎟
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CHAPTER VI
DISCUSSION
6.1 Experimental Observations Compared to Theory
In order to test the validity of the models the experimental
observations for the 0° smooth pin weld tool and the 60° tapered pin weld
tool are compared to the theoretical calculations for the cylindrical and
tapered models, respectively.
Using Equation 22 or 23, where appropriate, the temperature for
the shear surface can be theoretically estimated. The torque and weld
power can also be estimated from the theory after the theoretical
temperatures are determined. Equation 16 for the cylindrical weld tools
and Equation 17 for the tapered weld tools are used along with the
theoretically calculated shear surface temperature to estimate the weld
power. The torque is obtained by the relationship between weld power
and torque, Equation 6. Because direct measurements of the shear
surface temperature were not obtained during this study, the
theoretically calculated torque and weld power will be compared to the
experimentally observed torque and weld power. The values that were
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used in the calculations with Equations 22 and 23 are located in
Appendix B.
Figure 42 and Figure 43 show comparisons of the weld power and
weld torque between the theoretical calculations and the experimental
observations for the 0° smooth pin weld tool. At the lower weld pitches
there is good agreement. The theoretical model continues to increase in
weld power with increased weld pitch, which also relates to an increased
travel speed in this study. Other studies have shown that an increase in
travel speed leads to an increase in weld power [69]. Additionally, the
theoretical model predicts the torque to decrease with increased spindle
speed, regardless of travel speed, as shown in other studies [43, 66].
The percent differences between the calculated and experimental
weld power and weld torque are shown in Table 20. Equation 24 was
used to calculate the percent difference. Good agreement was achieved
at the lower weld pitches.

% Diff =

Valuemodel − Valueexperiment
⎛ Valuemodel + Valueexperiment ⎞
⎜
⎟
2
⎝
⎠
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(24)

Table 20

Percent difference between the calculated and experimental
weld power and weld torque for the 0° smooth pin weld tool.

Weld Pitch (cm/rev) Power Difference (%) Torque Difference (%)
0.023
0.1
0.4
0.034
1.3
2.0
0.045
10.9
11.8
0.056
18.4
21.7

Figure 42

Theoretical results versus experimental observations for the
weld power required while using the 0° smooth pin weld tool.
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Figure 43

Theoretical results versus experimental observations for the
weld torque while using the 0° smooth pin weld tool.

Experimental evidence has suggested that there was a loss of
shoulder contact at the higher weld pitches. If the weld tool experiences
a loss of shoulder contact then the shearing surface is decreased and
less power is required to rotate the weld tool. Longitudinal exit hole
macrographs in Section 4.7 show a loss of shoulder contact with the
workpiece. This could cause the effective shoulder radius to reduce to
the pin radius. If the theoretical calculations are performed again letting
the effective shoulder radius reduce to the pin radius then better
agreement is seen at the higher weld pitches. Table 21 shows the
percent difference in the calculated verse experimental data with the
reduced shoulder radius. It shows improved agreement at the higher
weld pitches.
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Table 21

Percent difference between the calculated and experimental
weld power and weld torque when the shoulder radius is
reduced to the pin radius for the 0° smooth pin weld tool.

Weld Pitch (cm/rev) Power Difference (%) Torque Difference (%)
0.023
-15.0
-14.7
0.034
-9.8
-9.1
0.045
1.8
2.7
0.056
10.6
13.9
Similar calculations were made for the 60° tapered pin weld tool
using the tapered model. Figure 44 and Figure 45 show comparisons of
the weld power and weld torque between the theoretical calculations and
the experimental observations. Good agreement was obtained over the
parameters used in the study. This is indicates that the area of the
shear surface for the 60° tapered pin weld tool did not change
significantly over the range of process parameters tested.
The percent differences between the calculated and experimental
weld power and weld torque, as calculated by Equation 24, are shown in
Table 22. Good agreement was achieved throughout the range of
parameters tested.
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Figure 44

Theoretical results versus experimental observations for the
weld power required while using the 60° tapered weld tool.

Figure 45

Theoretical results versus experimental observations for the
weld torque required while using the 60° tapered weld tool.
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Table 22

Percent difference between the calculated and experimental
weld power and weld torque for the 60° tapered pin
weld tool.

Weld Pitch (cm/rev) Power Difference (%) Torque Difference (%)
0.023
-8.5
-8.5
0.034
-5.8
-5.9
0.045
-3.1
-3.0
0.056
-4.4
-4.3
The theoretical model predicts the appropriate trends in FSW.
With the increased travel speed, the weld power was seen to increase. As
the rpm was increased, the torque was seen to decrease. When slipping
was allowed into the model by reducing the effective radius of the tool
shoulder, the model correlated well with the welds that were produced in
this study. Experimental evidence, such as the longitudinal exit hole
macrographs in Section 4.7, suggested that a loss of shoulder contact
took place at the higher weld pitches.
6.2 Alternative Temperature Index
The theoretical model outlined in Chapter V and discussed in
Section 6.1 matched the experimental results well. An application of the
model consists in developing an alternative temperature indexing
equation. Starting from the energy balance of Equation 18, the
appropriate expressions for the cylindrical weld tool and associated heat
losses are applied and an alternative temperature indexing equation is
formed. The utility of this equation is in its ability to predict process
101

parameters, when one of them is varied, to maintain a constant
temperature in the shear surface. It also provides the opportunity to
predict process parameters to maintain a similar temperature when
changing weld tooling, e.g. anvil, spindle, etc. The expression for the
heat indexing equation using the cylindrical terms is given in Equation
25. In this equation the left hand side of the equality is the heat index.
(T − T ) is the temperature rise in the shear surface, and τ is the flow
0

stress of the material in the shear surface. When determining process
parameters changes while maintaining a constant temperature rise, the
shear flow shear stress τ will be constant.
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(T − T )
0 =A

τ

ω
B + C + D + EV

where:

⎡ 1 ⎛ R ⎞3 H ⎤
A = 2π R 3 ⎢ ⎜ s ⎟ + ⎥
R ⎥⎦
⎢⎣ 3 ⎝ R ⎠
B=

2π k w H
R
ln 0
R

C = 2π Rka

D=

(25)

(25)

k spπ Rsp 2
Lsp

E = 2 RH ρ c

Equation 25 can be further simplified, to help isolate ω and V. In
doing so, the expression ends up with two terms, one of which largely
encompasses attributes of the weld tool related to power generation. The
other term largely encompasses the attributes related to the heat loss
terms. This equivalent expression is shown in Equation 26.
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(T − T )
0 =A ω
τ
B +V
where:

π R2
A=
H ρcp

⎡ 1 ⎛ Rs ⎞3 H ⎤
⎢ ⎜ ⎟ + ⎥
R ⎥⎦
⎣⎢ 3 ⎝ R ⎠

(26)
(26)

⎛
π Rsp ⎜
k sp
kw
k
⎜
B=
+ a 2+
ρcp ⎜ 2
2 Lsp RH
⎛ R0 ⎞ HRsp
⎜ Rsp R ln ⎜ R ⎟
⎝ ⎠
⎝
2

⎞
⎟
⎟
⎟
⎟
⎠

In the same manner previously described an alternative
temperature indexing equation, Equation 27, is formed for the tapered
pin weld tools. Equation 27 is equal to Equations 25 and 26 when θ
equals 0.
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(T − T )
0 =A

τ

ω
B + C + D + EV

where:

(

)

⎛
⎞
H 1 + tan 2 θ 3R 2 − 3RH tan θ + H 2 tan 2 θ + ... ⎟
⎜
2π
A=
⎜
⎟
3 ⎜ 3
3
3
⎟⎟
⎜ Rs − R + ( R − H tan θ )
⎝
⎠

(

B=

)

2kwπ H 1 + tan 2 θ
⎡
⎤
k wπ H 2 tan θ 1 + tan 2 θ − 2k wπ H 1 + tan 2 θ R0 ⎥
⎢
ln
⎢
⎥
2
2
2
⎣ kwπ H tan θ 1 + tan θ − 2k wπ H 1 + tan θ R ⎦

C = 2π ( R − H tan θ ) f a ka
k sπ Rs 2
D=
L

(

)

E = 2 RH − H 2 tan θ ρ c
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(27)

CHAPTER VII
CONCLUSIONS
Theoretical models of the FSW process were outlined in Chapter V.
Certain assumptions were made in the formulation of each model that
impact the model behavior and need to be taken into consideration when
using the theory to explain the process of FSW.
The models are based on the sticking condition and a constant
shear surface area. If a significant loss of shear surface area occurs then
there will inevitably be a deviation from the theoretical results and
experimental observations. This is the benefit of having a theoretical
model of the process, as it can be used to determine if there is a loss of
shear area, which might indicate slipping and warrant inspection of the
weld.
The tapered model contains an obvious loss of degree of freedom
for heat propagation. As such, the heat propagating into the backing
anvil tends to zero as the pin end diameter reduces to zero. This
warranted a fitting parameter on the term for conduction losses to the
anvil. With the parameter in place, good agreement was achieved
between the theory and the experiments.
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The theory outlined in Chapter V is used to determine the shear
surface temperature. If upper and lower bounds for this temperature are
chosen, the model could conceivably be used to determine the processing
parameters that will produce shear surface temperatures in that region.
By rearranging the terms of the theoretical model alternative heat
indexing equations are developed, Section 6.2. These equations should
allow for more accurate scaling of process parameters than the PHI, as
they take into consideration the effects of the weld tool geometry and
FSW tooling. The alternative heat indexing equations can be used to
determine the corresponding process parameter, ω or V, when one is
changed and the same shear surface temperature is maintained.
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APPENDIX A
DERIVATIONS FOR FSW MODEL
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Conduction losses to the workpiece (cylindrical source).

Qw = −k w A

dT
dr

Qw = −k w (2π rH )
T

R

T0

R0

∫ dT = ∫ −k

dT
dr

Qw
dr
w 2π rH

(T − T0 ) =

Qw
(ln R − ln R0 )
−k w 2π H

(T − T0 ) =

Qw
R
ln 0
kw 2π H
R

Qw =

(T − T0 )2π k w H
R
ln 0
R
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Conduction losses to the workpiece (tapered source).

Qw = − kw A

dT
dr
2

⎛ dr ⎞
A = 2π ∫ r 1 + ⎜ ⎟ dz
⎝ dz ⎠
0
H

r ( z ) = R − ( H − z ) tan θ
dr
= tan θ
dz
H

A = 2π ∫ r − ( H − z ) tan θ 1 + tan 2 θ dz
0

(

A = π 1 + tan 2 θ 2rH − H 2 tan θ

(

)

(

Qw = − kw π 1 + tan 2 θ 2rH − H 2 tan θ
T

R

∫ dT = ∫ −k π

T0
R

A

) ) dT
dr

Qw

(

1 + tan θ 2rH − H 2 tan θ
2

R0

w

A

⎛ B − CR0 ⎞

)

dr

∫ B − Cr dr = C ln ⎜⎝ B − CR ⎟⎠

R0

(T − T0 ) =
Qw =

⎛ k π H 2 tan θ 1 + tan 2 θ − 2k π H 1 + tan 2 θ R ⎞
w
0
ln ⎜ w
⎟
2
2
2
2
⎜
2k wπ H 1 + tan θ ⎝ k wπ H tan θ 1 + tan θ − 2k wπ H 1 + tan θ R ⎟⎠
Qw

(T − T0 )2k wπ H 1 + tan 2 θ
⎡ k π H 2 tan θ 1 + tan 2 θ − 2k π H 1 + tan 2 θ R ⎤
w
0
ln ⎢ w
⎥
2
2
2
⎣⎢ kwπ H tan θ 1 + tan θ − 2kwπ H 1 + tan θ R ⎦⎥
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Conduction losses to the anvil.

Qa = − k a A

(

dT
dr

Qa = − k a 2π r 2
T

∫ dT =

T0

(T − T0 ) =

R

∫ −k

R0

) dT
dr

Qa
dr
2
a 2π r

Qa
ka 2π

⎛1 1 ⎞
⎜ − ⎟
⎝ R R0 ⎠

1
≈0
R0
Qa = 2π Rk a (T − T0 )

If a tapered pin is used, then substitute R with the following:

R = R − H tan θ
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Conduction losses to the spindle.

Qs = − k sp A

dT
dl

(

Qs = − k sp π Rsp 2
T

∫ dT =

T0

0

∫ −k

Lsp

(T − T0 ) =
Qs =

) dT
dl

Qs
dl
2
spπ Rsp

Qs
Lsp
k spπ Rsp 2
k spπ Rsp 2 (T − T0 )
Lsp
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Convection losses to workpiece.

Qv = AV ρ c (T − T0 )
for the cylindrical source,

Qv = 2 RH V ρ c (T − T0 )
for the tapered source,
H

A
= R − ( H − z ) tan θ dz
2 ∫0
H

A
= R − H tan θ + z tan θ dz
2 ∫0
1
A
= RH − H 2 tan θ + H 2 tan θ
2
2
1 2
A
= RH − H tan θ
2
2
A = 2 RH − H 2 tan θ

(

)

Qv = 2 RH − H 2 tan θ V ρ c (T − T0 )
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Power generation (cylindrical weld tool).

2

⎛ dr ⎞
Qg = ∫ ωτ (2π r 2 ) 1 + ⎜ ⎟ dz
⎝ dz ⎠

Integration broken down into contributions from the shoulder, pin end,
and pin sides.

Rs

R

L

Qg = ∫ ωτ (2π r 2 )dr + ∫ ωτ (2π r 2 )dr + ∫ ωτ (2π r 2 )dz
0

Qg =

0

R

ωτ 2π R
3

3

+

ωτ 2π Rs
3

3

−

ωτ 2π R

⎡1 ⎛ R ⎞ H ⎤
Qg = ωτ 2π R 3 ⎢ ⎜ s ⎟ + ⎥
R ⎥⎦
⎢⎣ 3 ⎝ R ⎠
3
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3

3

+ ωτ 2π R 2 L

Power generation (tapered weld tool)

2

⎛ dr ⎞
Qg = ∫ ωτ (2π r 2 ) 1 + ⎜ ⎟ dz
⎝ dz ⎠
Integration broken down into contributions from the shoulder, pin end,
and pin sides.

R − H tan θ

Qg =

∫
0

Rs

L

ωτ (2π r )dr + ∫ ωτ (2π r )dr + ∫ ωτ 2π ⎡⎣ R − ( H − z ) tan θ ⎤⎦
2

2

0

R

⎛ ωτ 2π ( R − H tan θ ) ωτ 2π R 3 ωτ 2π R 3
⎞
s
⎜
+
−
+ ... ⎟
3
3
3
⎟
Qg = ⎜
⎜
⎟
2
⎜⎜ ωτ 2π H 1 + tan θ ( 3R 2 − 3RH tan θ + H 2 tan 2 θ ) ⎟⎟
3
⎝
⎠
3

Qg =

2
2
2
2
⎛
⎞
ωτ 2π ⎜ H 1 + tan θ ( 3R − 3RH tan θ + H tan θ ) ⎟

3

⎜ + R 3 − R 3 + R − H tan θ 3
)
) (
⎝ ( s
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⎟
⎠

2

1 + tan 2 θ dz

APPENDIX B
VALUES USED IN THE THEORETICAL CALCULATIONS
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Material properties for AA2219-T87 [70].

g
cm3
J
c = 0.864
g⋅K

ρ = 2.84

W
mK
⋅
Tm = 816.15 K
k w = 121

Anvil and spindle thermal properties were taken to be low carbon steel at
temperatures representative of the FSW process [71].
ka = k sp = 40

W
mK
⋅

Spindle dimensions.
Lsp = 15 cm

Rsp = 1.27 cm

( 0.5 in )

Radial distance in the workpiece to ambient temperature was taken as
the distance from the heat source (weld tool) to the widths edge of the
plate.

R0 = 7.6 cm
Far field temperature assumed constant at room temperature.

T0 = 298.15 K
Height of the heat source taken as the pin length.
H = 0.43 cm

Slope of the linear approximation for shear flow stress verse temperature.
mτ = 0.45

MPa
K

Anvil factor.

f a = 10

124

